Isotope effects in the non-dissociative photoionization of molecular nitrogen (N 2 + hν → N 2 + + e − ) may play a role in determining the relative abundances of isotopic species containing nitrogen in interstellar clouds and planetary atmospheres but have not been previously measured. 
ABSTRACT
Isotope effects in the non-dissociative photoionization of molecular nitrogen (N 2 + hν → N 2 + + e − ) may play a role in determining the relative abundances of isotopic species containing nitrogen in interstellar clouds and planetary atmospheres but have not been previously measured.
Measurements of the photoionization efficiency spectra of 14 N 2 , 15 N 14 N, and 15 N 2 from 15.5 to 18.9 eV (65.6-80.0 nm) using the Advanced Light Source at Lawrence Berkeley National Laboratory show large differences in peak energies and intensities, with the ratio of the energy-dependent photoionization cross-sections, σ( 14 N 2 )/σ( 15 N 14 N), ranging from 0.4 to 3.5. Convolving the crosssections with the solar flux and integrating over the energies measured, the ratios of photoionization Waite et al. 2007; Imanaka & Smith 2007 , 2009 , 2010 . For Titan, quantification of possible isotope effects in (R1) may lead to a better understanding of the chemical processes currently occurring in Titan's atmosphere that produce pre-biotic organic compounds such as benzene and aerosols (Wilson & Atreya 2004; Waite et al. 2007; Imanaka & Smith 2007 , 2009 , 2010 and of the origin and long-term evolution of its unusual and puzzlingly dense N 2 atmosphere (e.g., Liang et al. 2007a ). For Earth, (R1) may lead to enrichments or depletions in the isotope ratios of atmospheric trace species, such as NO, which may be useful as a tracer of stratospheric and thermospheric air masses in the mesosphere, and, hence, on atmospheric circulation in these regions (e.g., Aikin 2001).
For Mars, the evolution of the martian atmosphere on a billion-year time scale may be better constrained by quantifying potential isotope effects in (R1) that may lead to differences in the escape velocities of 15 N vs. 14 N due to dissociative recombination of N 2 + in Mars' upper atmosphere (e.g., McElroy et al. 1976; Fox & Hać 1997) , similar to issues on Titan.
Here, we present measurements of the photoionization efficiency (PIE) spectra of 14 each isotopologue were then normalized by these experimentally-determined mixing ratios. Finally, the relative photoionization intensities were converted to cross-sections using previous measurements of the photoionization cross-sections for 14 N 2 (Samson et al. 1977; Itikawa et al. 1986 ). Additional experimental details will be published elsewhere. Figure 1 shows the PIE spectrum for each isotopologue from 15.5 to 18.9 eV along with peak assignments. The major features in the photoionization spectra are autoionizing Rydberg states converging to vibrational levels of the second (A 2 Π u ) and third (B 2 Σ u + ) ionized states of N 2 which shift in energy and/or intensity upon isotopic substitution. Based on higher resolution PIE spectra available for 14 N 2 (e.g., Dehmer et al. 1984; Sommavilla et al. 2002) , some rotational lines for peaks near the photoionization threshold (i.e., for energies ≤ 15.8 eV in Figure 1 ) are not resolvable with the 6.5 meV resolution of this experiment, while peaks above 15.8 eV appear to be fully resolved in this study. of N 2 + ) in a planetary atmosphere, however, depends not just on the ratios of cross-sections at one particular energy, however, but on the isotope effects convolved with the radiation intensity and integrated over a range of energies -in other words, isotopic fractionation will depend on the ratios of the photoionization rate coefficients, J, for the different isotopologues given by equation (1) ,
where σ(E) is the photoionization cross-section, I(E) is the radiation intensity, and the integral is over the energies E i to E f . Under 'white light' irradiation and optically thin conditions, the ratios of the J-values over the entire experimental energy range are J( 15 N 14 N)/J( 14 N 2 ) = 1.01±0.02 and J( 15 N 2 )/J( 14 N 2 ) = 1.00±0.02. Using the solar spectrum shown in Figure 2c for I(E) (Woods et al., 1998; Ribas et al., 2005) 
using isotope-specific photodissociation cross-sections calculated theoretically by the diabatic coupled-channel Schrödinger equation model (Liu et al. 2008 ).
To test the extent to which isotopic self-shielding due to N 2 photoionization could significantly affect the relative photoionization rates of 14 N 2 vs. 15 N 14 N, and hence might play a role in determining the isotopic composition of N 2 and nitrogen-containing photochemical products in Titan's atmosphere, the measured cross-sections for photoionization of 14 N 2 and 15 N 14 N were included in a one-dimensional (1-D) photochemical model of Titan's atmosphere (Yung et al. 1984; Liang et al. 2007ab ). In Liang et al. (2007a) , a diurnally-averaged 1-D model was used to calculate the vertical profiles of H, H 2 , C 1 -C 2 , N, N 2 , CN, HCN, NH, and isotopic compounds of nitrogen by solving the mass continuity equations for these species and using the vertical eddy mixing coefficients, neutral species reaction schemes, temperature profile, transport, and physicochemical molecular processes as in Liang et al. (2007b) . The solar flux used in Liang et al. (2007a) The model results are given in Figure 3 and show that -due to isotopic self-shieldingthe J-value for 15 N 14 N photoionization is larger than that for 14 N 2 in Titan's atmosphere and significantly larger than the ratio of 1.00±0.02 predicted simply using equation (1) (corresponding to a fractionation constant of 2800%; see right panel of Fig. 3 ). Thus, while isotopic self-shielding due to N 2 photoionization is predicted to occur in Titan's atmosphere, the largest fractionation constant for photoionization from this study is predicted to be ~160 times smaller than that for photodissociation.
DISCUSSION
The isotope-specific photoionization cross-sections for N 2 reported here are a good starting point for astrochemical applications and suggest that isotopic self-shielding may be important enough to include when considering the isotopic fractionation of molecular nitrogen and its subsequent photoproducts in various environments. The molecular beam conditions in the experiment of ~50 K are appropriate for some of these environments, while changes in the absolute and relative photoionization cross-sections with temperature due to changes in state populations and/or Doppler widths may need to be taken into account in models of environments at higher temperatures. For example, using the theoretical isotope-specific photodissociation cross-sections to ~25 over this temperature range. Such an inverse temperature dependence for isotopic shielding effects has also been found by Visser et al. (2009) in models of isotopic self-shielding in CO photodissociation. Thus, the prediction of the magnitude of isotopic self-shielding in Titan's atmosphere using our experimental PIE results directly without taking the effects of temperature changes on the PIE spectra into account, as we have done in the preliminary model results given here, is likely to represent an upper limit. In contrast, the fact that our experimental resolution of 6.5 meV does not resolve rotational lines in several of the peaks near threshold (below energies of ~16 eV) means that the model results presented here may represent a lower limit for isotopic selfshielding in N 2 photoionization: as Visser et al. (2009) have shown, a narrowing of peaks will usually result in more isotopic selectivity and thus more shielding. The extent to which this limit may be significant can be addressed in future experimental studies by making higher resolution isotope-specific measurements focused on the 15.6 and 15.8 eV regions of the spectra.
Despite the current quantitative limitations noted above which can be addressed in future studies, we outline here several potential applications of such isotope-specific data to Titan's atmosphere that the new laboratory measurements suggest are worth considering. Observations of the 15 N/ 14 N ratio of HCN and N 2 in Titan's atmosphere -including measurements from the CIRS and INMS instruments on the Cassini orbiter (Vinatier et al. 2007; Waite et al. 2005) , the GCMS instrument on the Huygens probe (Niemann et al. 2005) , and ground-based observations of 15 N/ 14 N of HCN (Gurwell et al. 2004; Marten et al. 2002) -have shown that the ratio for HCN is larger by a factor of 2 to 4 than that for the parent N 2 . Since N atoms formed by the photodissociation of N 2 can react with various hydrocarbons to form HCN, Liang et al. (2007a) suggested that the large isotopic self-shielding effects they calculated for N 2 photodissociation would result in a 15 N-enriched N atom pool which would then form 15 N-enriched HCN relative to the parent N 2 . However, when they incorporated isotope effects in N 2 photodissociation into their model, the resulting 15 N/ 14 N ratio of HCN was too large; they thus suggested that other processes were still required to explain the observations, which might include a flux of 15 N-depleted N atoms produced by ion/electron impact from the top of the atmosphere.
The experimental and modeling results presented here suggest that potential additional pathways to forming HCN which may affect its isotopic composition should be examined. HCN can potentially be formed starting with N 2 + ions via two mechanisms. The first is via dissociative recombination with electrons (N 2 + + e −  2N), forming N atoms which can then react with photochemical products of methane to form HCN, just as the N atoms from the direct photodissociation of N 2 do (e.g., Yung et al. 1984; Vuitton et al. 2007; Krasnopolsky 2009 ). Given the rate coefficient for dissociative recombination and the N 2 + and electron densities in Vuitton et al. (2007) , however, the maximum rate of production of N atoms via this pathway is at 1100 km and is about 1000 times slower than that produced by direct N 2 photodissociation at this altitude and would therefore not be expected to alone account for the overprediction by Liang et al. (2007a) of the isotopic enrichment in HCN due to N 2 photodissociation, although it would change it in the correct direction. The second mechanism to produce HCN that is isotopically lighter than that produced via N 2 photodissociation could be through ion-molecule reactions of N 2 + with C 2 H 2 and C 2 H 4 , which are present in significant concentrations in Titan's upper atmosphere (Vuitton et al. 2007 ). However, the laboratory data on rate coefficients and branching ratios for these pathways to HCN remain ambiguous as to how fast such reactions occur or whether they occur at all (e.g., Anicich & McEwan 1997; McEwan & Anicich 2007 ). An upper limit to the HCN production rate at 1100 km from N 2 + + C 2 H 4 is ~0.03 molec cm −3 s −1 while that for N 2 + + C 2 H 2 is ~5x10 −5 molec cm −3 s −1 , based on rate coefficients and branching ratios from Anicich & McEwan (1997) , mixing ratio measurements from Vuitton et al. (2007) , and the mean day-night pressure at 1100 km from Vinatier et al. (2007) . The largest rate (for N 2 + + C 2 H 4 ) is ~100 times lower than HCN production from the N + CH 3 reaction (3 molec cm -3 s -1 ), which is the major production pathway for HCN at this altitude, where N is derived primarily from N 2 photodissociation.
Thus, based on the estimates above, isotope effects in the non-dissociative photoionization of N 2 are not expected to play a large role in determining the isotopic composition of HCN near 1100 km, although careful modeling work that includes isotope effects in ion-molecule chemistry is still warranted. In addition, it may also be necessary to include isotope effects in the dissociative photoionization of N 2 in such models; these isotope effects have not yet been measured directly, but electron impact studies suggest that dissociative photoionization proceeds through predissociative states and should therefore exhibit significant isotopic shifts in energies and intensities (Govers et al. 1975 and references therein). process that is largely driven by ion chemistry occurs in the ionosphere of Titan, above 1000 km, in addition to the neutral chemistry that occurs lower in the atmosphere (Yung et al. 1984) . Figure 3 shows that the isotopic fractionations by photoionization and photodissociation of N 2 -the starting points of these two synthetic processes -are distinct. Hence, measurements of the nitrogen isotopic composition of organic compounds and tholins, when this becomes feasible, could potentially offer a means to discriminate between their origins.
In summary, while isotopic fractionation of nitrogen in the atmosphere of Titan due to neutral chemistry has been modeled by Liang et al. (2007a) , a similar study of isotopic fractionation of nitrogen due to ion chemistry has not been done. The experimental and modeling results presented here provide a strong motivation to pursue such a modeling study, to measure the near- 
